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We present the first albedo determination of 2867 Steins,
the asteroid target of the Rosetta space mission together with
21 Lutetia. The data were obtained in polarimetric mode at the
ESO-VLT telescope with the FORS1 instrument in the V and R
filters. Observations were carried out from June to August 2005
covering the phase angle range from 10.3o to 28.3o, allowing
the determination of the asteroid albedo by the well known ex-
perimental relationship between the albedo and the slope of the
polarimetric curve at the inversion angle. The measured polar-
ization values of Steins are small, confirming an E-type clas-
sification for this asteroid, as already suggested from its spec-
tral properties. The inversion angle of the polarization curve in
the V and R filters is respectively of 17.3±1.5o and 18.4±1.0o,
and the corresponding slope parameter is of 0.037±0.003%/deg
and 0.032±0.003%/deg. On the basis of its polarimetric slope
value, we have derived an albedo of 0.45±0.1, that gives an es-
timated diameter of 4.6 km, assuming an absolute V magnitude
of 13.18 mag.
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Abstract.
1. Introduction
Rosetta is the ESA cornerstone mission devoted to the
study of minor bodies. Successfully launched on March 2,
2004, Rosetta, in its journey to the comet 67P Churyumov-
Gerasimenko, will fly by two main belt asteroids, 2867 Steins
on September 2008 and 21 Lutetia on July 2010.
All the targets have been changed with respect to the original
mission plans due to the Rosetta launch postponement of about
one year. Several observational campaigns have been promoted
to increase knowledge of the physical properties of these new
targets.
While 21 Lutetia is a large main belt asteroid with a long his-
tory of investigation, 2867 Steins has been observed in detail
only from 2004, and its physical properties are still not com-
pletely known.
The first Steins lightcurve was reported by Hicks and Bauer
(2004), who found a rotational period of 6.06±0.05 hours and
an amplitude of approximately 0.2 mag, values confirmed by
Weissman et al. (2005).
The spectroscopic investigation in the visible and near infrared
range presented by Barucci et al. (2005) show a strong feature
at 0.5 µm, a weaker feature at 0.96 µm and a flat and feature-
less behavior above 1 µm. This spectral behavior is very sim-
ilar to that of the E–type objects (Fornasier & Lazzarin 2001,
Burbine et al. 1998), and in particular to that of the E subtype
II (Angelina like) following Clark et al. (2004) and Gaffey &
Kelley (2004) classification scheme. Nevertheless, as E type
objects are characterized by the highest albedo values found in
the asteroid population, knowledge of Steins’ albedo is needed
for a definitive taxonomic classification and a proper under-
standing of its surface properties and size determination.
In this paper, we present the first polarimetric investigation of
2867 Steins and discuss its albedo and size evaluation based on
Send offprint requests to: S. Fornasier
⋆ Based on observations carried out at European Southern
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polarimetric properties. This information will aid the Rosetta
mission in planning science operations and optimizing the
flyby trajectory.
2. Data acquisition and reduction
Observations of 2867 Steins were carried out in ser-
vice mode at the VLT telescope UT2 KUEYEN with
the FORS1 instrument in polarimetric mode (see
http://www.eso.org/instruments/fors1) from June to August
2005. Linear polarimetry was obtained in the two broadband
filters R and V at 4 angles of the λ/2 retarder plate (0o, 22.5o,
45o and 67.5o with respect to celestial coordinate system),
covering the phase angle range from 10.3o to 28.3o.
The procedure during each observing run included the acqui-
sition of several flat field images, taken during twilight time
without polarimetric optics in the light path, and of at least
one unpolarized standard star to calibrate the instrumental
polarization. The zero points of the position angles both for
V and R images were taken from the FORS1 user manual
(http://www.eso.org/instruments/fors/doc).
The asteroid and standard star images have been corrected
for bias and master flat, and the cosmic rays removed. The cen-
ter of the asteroid image in each of the two channels is evalu-
ated by a 2 dimensional centroid algorithm. The flux for each
channel is integrated over a radius corresponding to 3-4 times
the average seeing, and the sky is subtracted using a 3-5 pixel
wide annulus around the object.
The Stokes parameters are derived in the following manner:
Q = 0.5

( f o − f e
f o + f e
)
λ/2pos.=0o
−
( f o − f e
f o + f e
)
λ/2pos.=45o
 (1)
and
U = 0.5

( f o − f e
f o + f e
)
λ/2pos.=22.5o
−
( f o − f e
f o + f e
)
λ/2pos.=67.5o
 (2)
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Table 1. Observational conditions for 2867 Steins. The exposure time (exp) is the same for each of the four images obtained at
the four different λ/2 retarder plate positions, while nset represents the number of repetitions of the full polarimetric sequences.
Data on the position angle of the scattering plane (φ), on the phase angle (α), on the heliocentric (r) and geocentric (∆) distances
of Steins have been taken from the JPL ephemeris service (http://ssd.jpl.nasa.gov/cgi-bin/eph).
DATE UT Fil. exp (s) nset mv airm φ (o) α (o) r (AU) ∆ (AU) seeing (”)
11 Jun. 05 08:50 R 33 3 16.45 1.05 252.6 28.3 2.0201 1.4315 1.45
11 Jun. 05 09:08 V 35 3 16.45 1.02 252.6 28.3 2.0201 1.4315 1.35
01 Jul. 05 09:23 R 26 3 16.06 1.02 258.2 24.3 2.0197 1.2563 0.55
01 Jul. 05 09:40 V 26 3 16.06 1.03 258.2 24.3 2.0197 1.2563 0.54
14 Jul. 05 05:43 R 15 3 15.78 1.17 265.0 20.6 2.0217 1.1653 0.80
14 Jul. 05 05:58 V 15 4 15.78 1.12 265.0 20.6 2.0217 1.1653 0.99
06 Aug. 05 04:16 R 15 3 15.31 1.13 294.1 12.3 2.0295 1.0654 0.60
06 Aug. 05 04:31 V 15 4 15.31 1.10 294.2 12.3 2.0295 1.0654 0.55
09 Aug. 05 07:56 R 10 4 15.26 1.09 301.7 11.3 2.0310 1.0594 0.74
09 Aug. 05 08:14 V 10 4 15.26 1.12 301.7 11.3 2.0310 1.0594 0.71
13 Aug. 05 07:49 R 10 4 15.22 1.10 313.2 10.3 2.0330 1.0547 2.10
13 Aug. 05 08:16 V 10 4 15.22 1.16 313.2 10.3 2.0330 1.0547 1.94
where fo and fe are the background subtracted object flux of
the ordinary and extra-ordinary beam inside each image and
λ/2 pos. indicates the position of the retarder plate.
The degree of polarization P and the position angle θ of
the polarization plane in the instrumental reference system are
expressed via the parameters Q and U with the well-known for-
mulae
P =
√
U2 + Q2 σP = |U ∗ dU + Q ∗ dQ|P (3)
θ =
1
2
arctan
U
Q σθ =
28.65 ∗ σP
P
(4)
where dU and dQ are the errors on the Stokes parameters
(Shakhovskoy & Efimov, 1972).
The position angle of the polarization plane relative to the
plane perpendicular to the scattering plane, θr , is expressed as
θr = θ − (φ ± 90o), where φ is the position angle of the scatter-
ing plane and the sign inside the bracket is chosen to assure the
condition 0o ≤ (φ ± 90o) ≤ 180o.
The polarization quantity Pr is computed as Pr = P ∗ cos(2θr).
During each run, Steins observations at the four retarder po-
sitions were repeated at least three times (see nset column in
Table 1) and the polarization values derived as the median of
these multiple exposures.
3. Results
The polarimetric characteristics of 2867 Steins derived from
the above observations are reported in Table 2 and visualized
in Fig. 1. Our data permit the determination of the inversion
angle and of the slope of the polarization phase curve at the
inversion angle in the V and R bands. We used the linear fit to
the data weighted according to their errors (see Fig. 1). The use
of a linear fit is reasonable because of the small curvature of
the ascending branch of the asteroid polarization phase depen-
dence (Zellner & Gradie 1976). The obtained parameters are
given in Table 3.
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Fig. 1. Polarization degree versus phase angle in the V and R
bands for asteroid 2867 Steins.
For comparison, in Table 3 we also give the mean values
of the corresponding parameters for the main asteroid types ac-
cording to Goidet-Devel et al. (1995). The polarimetric char-
acteristics of Steins correspond to the mean values of E-type
asteroids.
Currently, detailed polarimetric observations are available only
for two E-type asteroids, 44 Nysa and 64 Angelina. We report
in Fig. 2 observations in the V band obtained with an accuracy
better than 0.1% together with our data on Steins, showing that
all the three asteroids have very similar polarimetric proper-
ties. Fitting the data with the linear-exponential function (Fig.
2) proposed by Kaasalainen et al. (2003) gives almost the same
polarimetric slope (0.038±0.006%/deg) derived by a linear fit.
As it is well known, accurate measurements of the polari-
metric slope are very important for the determination of the as-
teroid albedo. The empirical correlation of polarimetric slope
vs. albedo has been successfully used for asteroid albedo deter-
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Table 2. Results of 2867 Steins polarimetric observations in the R and V filters.
DATE Fil. P (%) θ (o) Pr (%) θr (o)
11 Jun. R 0.287±0.062 163.9±6.1 +0.287±0.062 1.3±6.1
11 Jun. V 0.369±0.068 171.7±5.2 +0.351±0.062 9.1±5.2
01 Jul. R 0.204±0.052 170.0±5.2 +0.204±0.054 1.8±5.2
01 Jul. V 0.309±0.047 166.5±4.3 +0.309±0.050 -1.7±4.3
14 Jul. R 0.178±0.057 25.6±9.7 +0.086±0.057 30.6±9.7
14 Jul. V 0.146±0.060 11.1±11.7 +0.124±0.060 16.2±11.7
06 Aug. R 0.209±0.048 113.9±6.5 -0.209±0.050 89.8±6.5
06 Aug. V 0.205±0.053 114.5±6.8 -0.204±0.053 90.4±6.8
09 Aug. R 0.213±0.068 122.3±9.1 -0.213±0.068 90.6±9.1
09 Aug. V 0.284±0.080 155.1±10.9 -0.205±0.080 111.9±10.9
13 Aug. R 0.265±0.071 140.7±7.5 -0.256±0.071 97.5±7.5
13 Aug. V 0.239±0.080 135.0±9.5 -0.238±0.080 91.8±9.5
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Fig. 2. Polarization - phase dependence of E-type asteroids.
Data for 44 Nysa and 64 Angelina are taken from Zellner &
Gradie (1976), Cellino et al. (2005), Rosenbush et al. (2005),
Fornasier et al. (2006). The continuous line shows the fit-
ting of all data by the linear-exponential function proposed by
Kaasalainen et al. (2003); the dashed line shows the linear fit
to Steins’ data.
Table 3. Polarimetric parameters of 2867 Steins in comparison
to mean values for the main asteroid classes (Goidet-Devel et
al. 1995).
AST. slope (%/deg) inv. angle (o)
2867 Steins 0.037±0.003 (V) 17.3±1.5
0.032±0.003 (R) 18.4±1.0
E-type 0.04 17.8
S-type 0.09 20.1
M-type 0.09 23.5
C-type 0.28 20.5
minations e.g. by Zellner & Gradie (1976) and Cellino et al .
(1999, 2005). It has the simple form:
log(pv) = C1 × log(h) +C2
where pv is the geometric albedo and C1 and C2 are empiri-
cal constants. The values of these constants are slightly differ-
ent, depending on the dataset used for their determination. The
constants used by Zellner & Gradie (1976) were derived from
laboratory data for meteorites and terrestrial samples (Bowell
& Zellner 1974). Lupishko & Mohamed (1996) gave new con-
stants based on asteroid data using albedos derived from differ-
ent sources, including IRAS data, Earth-based radiometric ob-
servations and stellar occultation. Cellino et al. (1999) derived
the constants from the data set of asteroids with well-measured
IRAS albedos.
The differences between the albedos calculated using differ-
ent constant values are shown in Fig. 3. The main discrepancy
arises for high albedo asteroids due to the very few objects for
which data are available. The measured polarimetric slope of
Steins in the V band is very similar to that of 64 Angelina (see
Fig. 3).
Unfortunately, Angelina’s albedo has not been measured from
the IRAS satellite. The usually adopted albedo value of 0.43
was given by Tedesco et al. (1989), with reference to unpub-
lished Earth-based radiometric observations. Later Tedesco et
al. (2002) derived a value of 0.40±0.05 from the Midcourse
Space Experiment data. At the same time, the IRAS albedo
of another E-type asteroid, 44 Nysa, is higher (pv = 0.55), in
spite of the larger polarimetric slope (see Fig.3). Its polarimet-
ric properties are similar to those of the A-type asteroid 863
Benkoela (Cellino et al. 2005; Fornasier et al. 2006), which has
an IRAS albedo of 0.6. However, such high values of IRAS
albedos could be an overestimation connected with using non-
simultaneous photometric and radiometric data. Uncertainty in
absolute magnitude is more critical for high albedo asteroids,
as shown by Harris & Harris (1997). Thus, to estimate Steins’
albedo we prefer using constants derived by Bowell & Zellner
(1974) from laboratory data. They give an albedo estimation
independent of other techniques.
The albedo of Steins based on its polarimetric slope value is
0.45±0.1 (see Fig.3), where the error comprises both the uncer-
tainty on the slope and that of constants in the slope-albedo re-
lation. Assuming an absolute visual magnitude V = 13.18 mag
(Hicks et al. 2004), its estimated diameter is approximately 4.6
km.
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Fig. 3. IRAS albedo versus polarimetric slope. Polarimetric
data taken from Lupishko & Mohamed (1996) are marked with
open squares and data from Fornasier et al. (2006) with star
symbols. Lines represent albedo–slope dependences used by
different authors for albedo calculations. High–albedo aster-
oids are marked by their spectral types (V and A). E–type as-
teroids are designated by number.
Our observations also show systematic differences in the
V and R bands at phase angles larger than the inversion angle
(Fig.1). Both positive polarization degree and polarimetric
slope decrease with increasing wavelength, while negative
polarization is practically the same in both filters. This behav-
ior reflects the inverse dependence of positive polarization on
albedo observed also for S-type asteroids (e.g. Lupishko et al.
1995).
4. Conclusions
Our polarimetric investigation shows that 2867 Steins is a high
albedo asteroid (pv = 0.45±0.1) with an estimated diameter of
approximately 4.6 km. The high albedo, together with the pe-
culiar polarimetric properties typical of E-type asteroids, lead
to the conclusion that 2867 Steins is an E-type object, as al-
ready suggested on the basis of its spectral behavior (Barucci
et al., 2005).
Rosetta will be the first space mission to fly by an E-type as-
teroid, and its results will be very important in the understand-
ing of the physical properties of this peculiar class, whose high
albedo members show different spectral behaviors (Clark et al.,
2004).
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